Takeshita. Endogenous angiotensin II in the NTS contributes to sympathetic activation in rats with aortocaval shunt. Am J Physiol Regulatory Integrative Comp Physiol 280: R1665-R1673, 2001.-Recent studies have suggested that the central nervous system is responsible for activation of sympathetic nerve activity (SNA) and the renin-angiotensin system in heart failure (HF). The aim of this study was to determine whether activation of the renin-angiotensin system within the nucleus of the solitary tract (NTS) plays a role in enhanced SNA in HF. High-output HF was induced by an aortocaval (A-V) shunt with some modifications in the rat. These rats exhibited a left ventricular dilatation and hemodynamic signs of high-output HF. Urinary catecholamine excretion and maximal renal SNA (RSNA) were greater in the A-V shunted rats than in the control rats. Microinjection of an angiotensin II type 1-receptor antagonist, CV11974, into the NTS was performed. The arterial pressure and RSNA were reduced by CV11974 to a greater degree in the A-V shunted rats than in the control rats. The expression of angiotensin-converting enzyme mRNA in the medulla was greater in the A-V shunted rats than in the control rats. These results suggest that activation of the renin-angiotensin system within the NTS contributes to an enhanced SNA in this model. arteriovenous fistula; brain; sympathetic nervous system; heart failure CHRONIC HEART FAILURE (HF) is characterized by an enhanced neurohumoral drive in experimental animals as well as in patients (32, 34, 52) . In patients with chronic HF, plasma norepinephrine levels increase with the severity of HF and the mortality rate (41). Although several mechanisms have been proposed, the actual mechanisms responsible for this sympathoexcitation in HF are not known. Impaired arterial baroreceptor reflex function has been suggested as one of the mechanisms responsible for an increased sympathetic tone in HF (32, 52). However, recent studies have shown that this increase in basal sympathetic nerve activity (SNA) in HF is difficult to explain based only on this mechanism (5, 27). Therefore, central nervous system mechanisms have been suggested to be involved in this sympathoexcitation in HF (52).
CHRONIC HEART FAILURE (HF) is characterized by an enhanced neurohumoral drive in experimental animals as well as in patients (32, 34, 52) . In patients with chronic HF, plasma norepinephrine levels increase with the severity of HF and the mortality rate (41) . Although several mechanisms have been proposed, the actual mechanisms responsible for this sympathoexcitation in HF are not known. Impaired arterial baroreceptor reflex function has been suggested as one of the mechanisms responsible for an increased sympathetic tone in HF (32, 52) . However, recent studies have shown that this increase in basal sympathetic nerve activity (SNA) in HF is difficult to explain based only on this mechanism (5, 27) . Therefore, central nervous system mechanisms have been suggested to be involved in this sympathoexcitation in HF (52) .
The treatment of chronic HF with angiotensin-converting enzyme (ACE) inhibitors or ␤-blockers has been shown to decrease the mortality of the patients (32, 34) . In patients with HF, the renin-angiotensin system is also activated (32, 34) . Activation of the sympathetic nervous system and the renin-angiotensin system in HF contributes to excessive vasoconstriction (32, 34, 52) . Although activation of the renin-angiotensin system plays an important role in HF (31) , the depressed baroreflex contol of the heart rate or renal SNA (RSNA) may be restored by blocking the ANG II type 1 (AT 1 ) receptor (11, 37, 38) . ANG II modulates sympathetic function at many loci in the central and peripheral nervous systems. DiBona et al. (11) have shown that intracerebroventricular as well as intravenous administration of losartan improves the depressed arterial baroreflex control of RSNA in HF produced by myocardial infarction in rats. Their results indicate that ANG II within the brain contributes to an enhanced sympathetic drive in HF. However, the regions in the brain that are activated by ANG II in HF are not known. The nucleus of the solitary tract (NTS) plays an important role in controlling SNA and contains many AT 1 receptors (2, 18, 47, 48) . For example, microinjection of ANG II into the NTS has been found to elicit a pressor response (8) . On the other hand, microinjection of an ANG II-receptor antagonist, [Sar 1 ,Thr 8 ]ANG II, into the NTS has been shown to facilitate reflex control of heart rate (7). Evidence suggests that the NTS contains all of the components of the renin-angiotensin system including angiotensinogen, ACE, ANG II, and AT 1 receptors (2, 4, 9, 18, 29, 35, (46) (47) (48) . However, questions arise as to whether the brain renin-angiotensin system in the NTS is altered in HF, which would, in turn, contribute to an enhanced sympathetic drive in HF.
The aim of this study was to examine the role of endogenous ANG II in the NTS in sympathoexcitation in HF. For this purpose, we micoinjected an AT 1 -recep-tor antagonist into the NTS and examined resultant changes in the arterial blood pressure, heart rate, and RSNA in rats with high-output HF resulting from the creation of aortocaval (A-V) shunts with some modification to increase the shunt flow (20) . The A-V shunt model has been used for the study of circulatory overload state, which, in turn, produces a high-output HF such as an inadequate blood flow supply to organs (1, 6, 15, 17, 23, 45) . Moreover, it has been shown that neurohumoral activation has been shown to occur in this model (15, 45) . From these observations, the effects of AT 1 -receptor blockade within the NTS on the sympathetic nervous system in this model of highoutput HF were examined.
METHODS
Male Wistar-Kyoto rats weighing 300-350 g were obtained from an established colony at the Animal Research Institute of Kyushu University Faculty of Medicine (39) . This study was reviewed by the Committee on Ethics in Animal Experiments of Kyushu University and was performed in accordance with the Guidelines for Animal Experiments of Kyushu University.
Aortocaval shunt model. An arteriovenous (A-V) shunt was induced using procedures described previously (15, 17, 23) . Rats were anesthetized with pentobarbital sodium (50 mg/kg ip), and the inferior vena cava and abdominal aorta were exposed through a midline abdominal incision under sterile conditions. The A-V shunt was produced using an 18-gauge needle at a point ϳ5 mm caudal to the left renal vein. The patency of the shunt was verified visually on the basis of swelling of the vena cava and mixing of arterial blood with venous blood. To increase the shunt flow, a constriction of the abdominal aorta was performed at a point ϳ5 mm caudal to the shunt as described previously (20) . Sham operations were performed in control rats using procedures identical to those used for the A-V shunted rats, except for insertion of the needle and aortic constriction. The abdominal incision was closed, and the animal was allowed to recover. Six to eight weeks after the surgery, the rats were anesthetized with pentobarbital sodium (30 mg/kg ip), and an echocardiographic examination of left ventricular (LV) diameter and wall motion was performed with a 7.5-MHz probe (ALOKA, SSD-5500). Short-axis views were used to guide the cursor for M-mode images of the LV. LV diastolic dimensions were measured from the trailing edge of the intraventricular septum to the leading edge of the posterior wall at the point of maximal ventricular diameter. Systolic dimensions were taken at the minimum ventricular diameter of the beats in systole using the same edge definition. Systolic ventricular function was quantified as ejection fraction. Urinary catecholamines were measured by high-performance liquid chromatography.
For microinjection experiments, anesthesia was induced with pentobarbital sodium (50 mg/kg ip), and an intravenous infusion of propofol (20ϳ30 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 ) was begun as the effect of the pentobarbital sodium diminished, as described previously (13, 25) . The adequacy of anesthesia was verified by the absence of a withdrawal response to nociceptive stimulation of a hindpaw and by a stable baseline arterial pressure and heart rate. The femoral artery and vein were cannulated for recording arterial blood pressure and for the administration of drugs. The anesthetized rats were artificially ventilated.
Recording of the efferent renal SNA. The left kidney was exposed through a left retroperitoneal flank incision. A branch of the renal nerve was isolated from the fat and connective tissues. A pair of stainless steel bipolar electrodes was placed beneath the renal nerve, and the renal sympathetic nerve around the recording electrode was covered with silicone gel (Sil-Gel, Wacker-Chemie). Multifiber renal SNA (RSNA) was recorded and preamplified with a high-gain differential amplifier (band width 150-1,000 Hz; model MEG-1100, Nihon-Kohden) fed into a nerve traffic analyzer (model MET-1100, Nihon-Kohden) and converted to spikes by a window discriminator, as described previously (13, 19) . Background noise levels were determined by an intravenous injection of hexamethonium (30 mg/kg) and, thereafter, an intravenous injection of an overdose of pentobarbital sodium (100 mg/kg). The background noise levels were subtracted during a later analysis of RSNA (49) . The baseline RSNA was recorded at resting conditions as well as during infusion of sodium nitroprusside (10 g ⅐ kg Ϫ1 ⅐ min Ϫ1 ), which decreased the arterial pressure by ϳ40 mmHg and increased RSNA to maximal levels (43) . The resting RSNA was normalized to the maximal RSNA as determined above. For analysis of changes in RSNA in the multifiber preparation, RSNA was normalized to 100% as the stable value before microinjection. This method has been used to normalize the differences derived from electrode position, which may influence the results in the multifiber recordings (14) .
Microinjection study. Sinoaortic denervation and vagotomy were performed before the microinjection study to eliminate arterial and cardiopulmonary baroreceptor reflexes, as described previously (13, 21) . The rat was placed in a stereotaxic frame with the head flexed downward to an angle of approximately 45°. The dorsal surface of the medulla was exposed after a midline incision through the skin. A unilateral microinjection into the NTS was made via a glass micropipette (OD 50-70 m), which was connected to a Hamilton microsyringe. The tip of the glass micropipette was lowered 0.5 mm below the surface of the medulla to coordinates 0.6 mm rostral and 0.6 mm lateral with respect to the calamus scriptorius, as described previously (8, 13, 42) . The volume of vehicle and drug injections was 50 nl and was administered over a 30-s period. Artificial cerebrospinal fluid (CSF) at pH 7.4 was used as vehicle.
L-Glutamate (500 pmol in 50 nl) was microinjected unilaterally into the NTS to identify the depressor site. An AT1-receptor antagonist, CV11974, was microinjected either unilaterally into the NTS or into the area postrema at doses of 50 and 500 pmol in 50 nl. After over 30 min of the microinjection of CV11974, the ANG II type 2 (AT2)-receptor antagonist, PD123319, was microinjected into the NTS. As a control, we microinjected the vehicle solution used to dissolve CV11974 into the NTS to exclude the nonspecific effects.
RNA isolation and Northern blot analysis. Four rats with an A-V shunt and four control rats were killed under deep pentobarbital sodium anesthesia, and the lower brain stem (0.2 mg, 2 mm thick) including the NTS was removed and immediately frozen in liquid nitrogen. Total RNA was prepared from the brain stem using ISOGEN (Nippon Gene) followed by poly(A) ϩ RNA purification with an oligo(dt)-cellulose column (Takara Shuzo). Poly(A) ϩ RNA (5 g/lane) was separated by electrophoresis and transferred onto a nylon membrane (Hybonde N ϩ , Amersham). Hybridization was carried out using a 32 P-labeled EcoR V-EcoR I fragment of rat ACE cDNA followed by autoradiography (12, 13, 24) . Autoradiograms were scanned using a Fuji phosphoimaging system to measure the levels of ACE-receptor mRNAs, which were normalized against those of GAPDH mRNA.
Histological examination.
To determine the site of injection by postmortem examination after the completion of the experiments, 100 nl of Evans blue were injected through a micropipette positioned at the site of drug injection. After the Evans blue injection, the rat was deeply anesthetized with an overdose of pentobarbital sodium and the brain was perfused through the heart with saline followed by 4% paraformaldehyde solution. The brain stem was removed, and frozen sections (50 m) were cut serially. As shown in Fig. 1 , the location of the injection site was identified by microscopic examination.
Statistical analysis. All values are expressed as means Ϯ SE. The unpaired t-test was used to compare baseline values between the groups. The paired t-test was used to examine the effects of each intervention within a group. A two-way ANOVA followed by Bonferroni's multiple-comparison test was used to compare the differences in changes in arterial pressure, heart rate, and RSNA between the groups and between the drug dosages. Differences were considered significant for values of P Ͻ 0.05.
RESULTS
Baseline hemodynamic and echocardiographic evaluation. Table 1 shows the results of the hemodynamic and echocardiographic examination of the A-V shunted rats and the control rats. The mean arterial pressure (MAP) and heart rate did not differ between the two groups. However, the LV end-diastolic pressure (LVEDP) was higher (P Ͻ 0.0001) and the LV dP/dt lower (P Ͻ 0.05) in the A-V shunted rats than in the control rats. In addition, both the LVEDP and the LV end-systolic diameters were larger (P Ͻ 0.0001 for each), and the ejection fraction was smaller (P Ͻ 0.001) in the A-V shunted rats than in the control rats. Finally, the calculated stroke volume and cardiac output were significantly higher in the A-V shunted rats than those in the control rats.
Organ wet weights, pleural effusion, and ascites. As shown in Table 2 , the wet weights of the right and left ventricles and the lungs in the A-V shunted rats were significantly higher than in the control rats. In addition, pleural effusion and ascites were apparent in the A-V shunted rats.
Evaluation of baseline SNA. As shown in Fig. 2A , 24-h urinary epinephrine and norepinephrine excretions were significantly greater in the A-V shunted rats than in the control rats (P Ͻ 0.01, P Ͻ 0.0001 vs. control, respectively). The baseline RSNA, which was evaluated by lowering the arterial pressure with an intravenous infusion of sodium nitroprusside, was significantly higher in the A-V shunted rats than in the control rats (P Ͻ 0.01, Fig. 2B ). The actual RSNA levels before and after sodium nitroprusside were 61 Ϯ 9 and 156 Ϯ 18 spikes/s, respectively, in the control rats and 230 Ϯ 40 (P Ͻ 0.01 vs. control) and 273 Ϯ 39 spikes/s, respectively, in the A-V shunted rats. The changes in MAP did not differ between the two groups (Ϫ36 Ϯ 7 vs. Ϫ38 Ϯ 9 mmHg, respectively).
Effects of microinjection of CV11974 or PD123319 into the NTS on arterial pressure, heart rate, and RSNA. The microinjection of L-glutamate into the NTS produced similar decreases in MAP (Ϫ15 Ϯ 3 vs. Ϫ13 Ϯ 3 mmHg, control vs. A-V shunted rats) and RSNA Values are means Ϯ SE. A-V, aortocaval; MAP, mean arterial pressure; HR, heart rate; LVEDP, left ventricular end-diastolic pressure; SV, stroke volume; CO, cardiac output; LVDd, left ventricular diastolic diameter; LVDs, left ventricular systolic diameter; EF, ejection fraction; NS, not significant. The cube of the diameter was approximated as a ventricular volume. SV ϭ (LV end-diastolic volume) Ϫ (LV end-systolic volume); CO ϭ SV ϫ HR.
(Ϫ66 Ϯ 14% vs. Ϫ65 Ϯ 12%, control vs. A-V shunted rats) in the two groups.
The effects of microinjection of the AT 1 -receptor antagonist CV11974 into the NTS on arterial pressure, heart rate, and RSNA are shown in Figs. 3 and 4 . The baseline values of these parameters are shown in Table  3 . Microinjection of CV11974 into the NTS decreased arterial pressure and RSNA in both groups in a dosedependent manner. The magnitudes of the decrease in MAP, heart rate, and RSNA were greater in the A-V shunted rats than in the control rats (Fig. 4) . No changes in these parameters were observed after microinjection of either PD123319 or vehicle solution into the NTS.
Effects of microinjection of CV11974 into the area postrema on arterial pressure, heart rate, and RSNA. Microinjection of CV11974 (500 pmol) into the area postrema did not alter arterial pressure (Ϫ0.6 vs. Ϫ2.4 mmHg), heart rate (Ϫ0.8 Ϯ 0.8 vs. Ϫ1.0 Ϯ 0.6 beats/ min), and RSNA (0% vs. 2 Ϯ 1%) in either group (control rats vs. A-V shunt rats, n ϭ 5 for each).
ACE-receptor mRNA level. The expression of ACEreceptor mRNA in the lower brain stem was determined by Northern blot analysis, as shown in Fig. 5 . Densitometric analysis demonstrated that the ratio of ACE mRNA to GAPDH mRNA was significantly higher in the A-V shunted rats than in the control rats (P Ͻ 0.05).
DISCUSSION
A major finding in this study is that blocking the AT 1 receptors, but not the AT 2 receptors, in the NTS reduces arterial pressure, heart rate, and RSNA in rats with an A-V shunt. This suggests that activation of the renin-angiotensin system in the NTS via AT 1 receptors contributes to an enhanced SNA in high output HF by an A-V shunt. Furthermore, we found an increase in ACE mRNA levels in the brain stem of rats with an A-V shunt, further supporting the hypothesis of activation of the renin-angiotensin system in the brain stem in this model.
First, we considered the possibility that the greater inhibition of arterial pressure, heart rate, and RSNA in response to the microinjection of CV11974 was due to the increased baseline vasoconstriction in A-V shunt model. This explanation seems unlikely, because a prior injection of L-glutamate produced similar depressor responses in the two groups. The L-glutamate injection, through the observed cardiovascular response to L-glutamate, was also important in the verification of the placement of the injection pipette in the dorsal medial NTS before injection of the AT 1 -or AT 2 -receptor antagonist. In addition, the vehicle solution was observed to have no effect on arterial pressure, heart rate, and RSNA, which excludes the possibility of nonspecific effects of the solution.
The A-V shunt model. In our model, high-output HF was produced by a volume overload through an arteriovenous fistula. This model has been used often as a model of HF (1, 6, 15, 17, 23, 45) . However, this is an example of circulatory overload, which, in turn, leads to high-output HF (1, 6, 15, 17, 23, 45) . Therefore, this model of HF is not consistent with that usually understood in the clinical context with a low cardiac output such as that in dilated cardiomyopathy or ischemic cardiomyopathy. In rats, a myocardial infarction through a coronary ligation is used as a low cardiac output model of HF. However, the mortality of that model is high, and the infarct size varies after a coronary ligation. On the other hand, a genetic model for dilated cardiomyopathy is not available in rats. The A-V fistula preparation of high-output HF is characterized by a circulatory overload. This model will eventually develop signs of ventricular failure with further increases in LVEDP (20) . Furthermore, we induced a constriction of a portion of the aorta that was distal to the shunt portion. The addition of the aortic constriction produced HF that was more severe than in the usual arteriovenous shunt model demonstrated by other investigators (20) . Our results clearly demonstrated an increased LVEDP, decreased LV dP/dt, enlarged LV end-diastolic and end-systolic diameters, and reduced ejection fraction. A postmortem examination also clearly demonstrated that the wet weights of the right and left ventricles and of the lungs were greater in the A-V shunted rats than in the control rats. In addition, pleural effusion and ascites were evident in the A-V shunted rats. More importantly, our model demonstrated neurohumoral activation, which is now considered an important target in the treatment of HF (32, 34) . These results are consistent with those of previous studies (6, 11, 31, 32, 34) . Sympathetic nervous system activation was demonstrated in two ways in our model. First, we found an elevated urinary norepinephrine excretion in our A-V shunt model, and second, we evaluated the baseline RSNA by reducing the arterial pressure with an intravenous infusion of sodium nitroprusside at the point determined to be the maximal RSNA. Our results are consistent with those obtained by Flaim et al. (15) .
Activation of the renin-angiotensin system in the NTS in HF. The results of our study demonstrate that the renin-angiotensin system is activated in the NTS by high-output HF. We focused our efforts on the NTS, because this region is known to play an important role in central cardiovascular regulation and to process information from arterial and cardiopulmonary baroreceptors as well as chemoreceptors (3, 10) . In addition, the NTS receives inputs from higher centers such as the hypothalamus (10) . The primary neurotransmitter in the NTS is believed to be L-glutamate (3, 10) . Moreover, ANG II is considered an important neuromodulator in the NTS as well as in other areas of the brain (3, 47) ; however, the roles played by ANG II in the NTS are not fully understood. Microinjection of ANG II into the NTS has been reported to yield not only pressor, but also depressor effects (16, 36, 42) . Microinjection of low doses of ANG II into the NTS in the rat produced hypotension and bradycardia that mimicked stimulation of the baroreceptor reflex (16) . In contrast, high doses of ANG II microinjected into the NTS increased arterial pressure (8, 42) . The exact mechanisms by which ANG II produces pressor or depressor responses in the NTS are unknown. The activation of different receptor subtypes and affinities may be due to opposite effects of this peptide (3, 16) . Alternatively, there may be interactions with primary or other neurotransmitter systems (42) (33) . Consistent with the results of our study, microinjection of an AT 1 -receptor antagonist, such as losartan or CV11974, did not alter baseline arterial pressure, heart rate, and/or RSNA in normotensive rats (16, 33) . Matsumura et al. (33) also found no effect of microinjection of CV11974 into the NTS on baseline arterial pressure, heart rate, or RSNA in normotensive as well as in spontaneously hypertensive rats. Interestingly, we recently found that microinjection of CV11974 into the NTS produced dose-dependent decreases in arterial pressure, heart rate, and RSNA in hypertensive rats with chronic nitric oxide synthase inhibition (13) . These findings are similar to the results of the present study. In our experiments, because the reflex effects on arterial pressure and RSNA unmask the effects of unilateral injection of the drug into the NTS, we performed microinjection of an AT 1 -receptor antagonist into the NTS after baroreceptor denervation to rule out secondary effects of this drug, because the reflex effects on arterial pressure and RSNA unmask the effects of unilateral injection of the drug into the NTS. In addition to the microinjection experiments, we measured ACE-receptor mRNA levels in the lower brain stem and found that ACE mRNA levels were greater in the A-V shunted rats than in the sham control rats. Although these results suggest that ANG II in the lower brain stem may be increased in our A-V shunt model, the results of our study do not demonstrate this parameter directly, because we did not measure ANG II concentration in the NTS due to technical problems. Another explanation is that the number of AT 1 receptors may be increased in our model. All components of the renin-angiotensin system exist independently in the brain as well as in various other peripheral organs and tissues (47) . The brain is one of the major sites of ACE mRNA expression (46) , and the NTS has been demonstrated to have few AT 2 receptors (2, 4, 48) . Thus it is possible that activation of the renin-angiotensin system occurs in the brain as Values are means Ϯ SE; RSNA, renal sympathetic nerve activity. RSNA: control (n ϭ 8), A-V shunt (n ϭ 13). well as peripheral organs and tissues in the A-V shunted rats via the AT 1 receptors.
The brain renin-angiotensin system and the sympathetic nervous system in HF. Recent studies have demonstrated that the brain renin-angiotensin system is activated in HF via AT 1 receptors and contributes to an enhanced SNA in HF. DiBona et al. (11) have shown that the intracerebroventricular administration of losartan to conscious rats with myocardial infarction decreases RSNA and increases arterial baroreflex gain. These results suggest that ANG II in the brain contributes to both the increased basal level of RSNA and the attenuated arterial baroreflex control of RSNA in HF. However, there are many sites of ANG II binding in the brain stem, including the NTS, the area postrema, and the rostral and caudal regions of the VLM (47) . In the NTS, ANG II injection decreases arterial baroreflex gain, whereas a [Sar 1 ,Thr 8 ]ANG II injection increases arterial baroreflex gain (7). Zhang et al. (51) have shown that the chronic increase in sympathetoexcitation, decrease in sympathoinhibition, and desensitized baroreflex function in HF may depend on the brain renin-angiotensin system, because these changes can be normalized by a chronic central AT 1 -receptor blockade with losartan. In the same laboratory, Leenen et al. (26) demonstrated that increased brain levels of ouabain activate the brain renin-angiotensin system in HF. However, the precise mechanisms and sites by which the brain renin-angiotensin system is activated in HF cannot be determined based on the results of these studies. Our results indicate the importance of the NTS in the activation of the renin-angiotensin system and the subsequent increase in RSNA in highoutput HF due to an A-V shunt.
Areas in the brain other than the NTS may play a role in activation of the sympathetic nervous system and renin-angiotensin system. Recent studies using immunohistochemical detection of Fra-like immunoreactivity as a marker of long-term neuronal activation have demonstrated that the paraventricular nucleus, supraoptic nucleus, and locus ceruleus as well as the NTS have significant increases in numbers of Frapositive neurons in rats with myocardial infarction (44) . Further studies will be needed to examine whether these areas also exhibit activation of the renin-angiotensin system in HF leading to an enhanced SNA. Although AT 1 receptors are rich in the area postrema, we found no effect of microinjection of CV11974 into the area postrema. The significance and exlanation for this finding is unclear.
Limitations of this study. As mentioned above, our model is not a low cardiac output model of HF. Although the A-V shunt model produces high-output HF and neurohumoral activation (15, 45) , further studies will be needed to determine whether activation of the renin-angiotensin system in the NTS occurs in a low cardiac output model of HF.
We used sodium nitroprusside to determine the maximal level of RSNA as one of the markers of the increased SNA in this model. Because baroreflex function is abnormal in HF, determining the maximal level of RSNA by this method is difficult. However, the reduction of arterial pressure by ϳ40 mmHg is known to produce maximal increases in SNA that eventually reach a plateau (43) . The reduction of arterial pressure by infusion of sodium nitroprusside did not differ between the A-V shunted rats and the control rats. Furthermore, we measured the urinary catecholamine excretion as another index of increased SNA in the A-V shunt model. Renal function may be impaired in rats with an A-V shunt, and normalization by urinary creatinine excretion would be an improved method. However, we observed clear differences without such normalization.
We evaluated multifiber recordings of RSNA between rats by counting spikes per second, which might underestimate the level of RSNA (22) . Therefore, we normalized RSNA, as shown in Fig. 2B , although we observed a significantly increased baseline RSNA. Clear differences were still observed between the two groups. Thus we believe that endogenous ANG II, via AT 1 receptors, increases RSNA in our model.
In summary, our results strongly suggest that endogenous ANG II in the NTS contributes to the increased sympathetic drive in high-output HF generated by an A-V shunt via AT 1 receptors but not via AT 2 receptors.
